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Karl-Heinz Krause* and Marek Michalak† equipment of all cells. Indeed, the calreticulin protein
and the gene are not found in yeast, suggesting that*Division of Infectious Diseases
University Hospital the protein must have emerged later during evolution.
Relevant is a considerable amino acid sequence similar-1211 Geneva
Switzerland ity between calreticulin and calnexin, an integral ER
membrane chaperone that is present in yeast (Figure†Molecular Biology of Membranes Research Group
and Department of Biochemistry 1). Calnexin shares several regions of similarity with
calreticulin, ranging from 42% to 78% identity (MichalakUniversity of Alberta
Edmonton, Alberta T6G 2S2 et al., 1992; Bergeron et al., 1994). The most striking
sequences that are highly conserved among differentCanada
calreticulins are the repeats A and B found in the
P-domain of calreticulin, both of which are present in
calnexin (Figure 1). The high degree of homology be-Calreticulin was first identified as a Ca21-binding protein
tween calreticulin’s P-domain and calnexin points toof the muscle sarcoplasmic reticulum (Ostwald and
the possibility that the calreticulin gene may have beenMacLennan, 1974). Only more than a decade later did
derived from the calnexin gene by replacement of theit become clear that this protein is highly abundant in
N-domain as well as addition of the calsequestrin-remi-nonmuscle tissues and that it is one of the major Ca21-
niscent, highly charged Ca21-binding C-terminal domainbinding proteins of the endoplasmic reticulum (ER) (for
(Figure 1). Although at present it is not clear what advan-review, see Michalak et al., 1992). Calreticulin has been
tage cells gained from the “invention” of calreticulin, itimplicated in the regulation of a variety of cellular func-
appears that the benefit was important: once invented,tions, but its precise task and the reason for its extremely
the molecular design of calreticulin was not subject tohigh conservation during evolution remain elusive. As a
relevant modifications. There is indeed 90% amino acidresult of growing interest in calreticulin research a spe-
identity among human, mouse, rat, rabbit, and Aplysiacial interest subgroup meeting was organized by M.
calreticulins (Michalak, 1996).Opas (University of Toronto, Canada) during the joint
The Calreticulin Genemeeting of the American Society for Cell Biology and the
Expression of calreticulin is modulated during cell differ-International Congress on Cell Biology (San Francisco,
entiation, and, depending on the cell type, it representsCalifornia, December 7, 1996). In this review of the meet-
between 50 and 500 mg/g of tissue, possibly exceedinging, we summarize novel developments in research on
0.1% of total cellular protein in some tissues (Khannacalreticulin in the context of the already known features
and Waisman, 1986). What regulates differential expres-of the protein.
sion of calreticulin? Human (McCauliffe et al., 1992; R. A.
Clark) and mouse (M. Michalak, University of Alberta,Calreticulin: The Protein and The Gene
Edmonton, Canada) calreticulin genes have been iso-Calreticulin is an abundant 46 kDa, high capacity Ca21-
lated and their promoters and genomic organization in-binding protein found (with the exception of erythro-
vestigated. M. Michalak presented the nucleotide se-cytes) in every cell of higher organisms. Structural pre-
quence of the mouse gene and showed that it is highlydictions for calreticulin suggest that it has at least three
homologous to the human gene (McCauliffe et al., 1992).structural and functional domains (Figure 1). The protein
With the exception of two introns, which, in the mouse,has an N-terminal signal sequence that is processed
are twice the size of their human counterparts, theexon–cotranslationally (R. A. Clark, University of Texas Health
intron organization of these genes is virtually identical.Science Center, San Antonio). The N-domain (residues
The human and mouse calreticulin genes are relatively1–180) is the most conserved domain among calreticu-
short and exist in a single copy (McCauliffe et al., 1992;lins from different species. The P-domain (residues 181–
M. Michalak). In a variety of different tissues only one280) is rich in proline and contains two sets of three
mRNA species encoding calreticulin was identified, andsequence repeats (Figure 1; repeats A: amino acid se-
there is no evidence for RNA splicing. This high levelquence PXXIXDPDAXKPEDWDE, and repeats B: amino
of conservation at the level of gene organization is inacid sequence GXWXPPXIXNPXYX). The C-domain of
keeping with earlier observations of the amino acid se-calreticulin is reminiscent of the C-terminal region of
quences.calsequestrin, a Ca21-storage protein of muscle sarco-
R. A. Clark isolated more than 1900 bp of the 59 flank-plasmic reticulum. This domain is very acidic and binds
ing sequence of the human calreticulin gene and re-Ca21 with a relatively high capacity but low affinity (Kd 5
ported identification of a complex pattern of transcrip-z2 mM; Bmax .25 mol of Ca21/mol of protein). The
tion factors in the myeloid HL-60 cell line that regulateC-domain terminates with the KDEL ER retrieval signal.
calreticulin gene transcription. The proximal region ofCalreticulin: An Upgrade of Cell Design
the promoter contains a C-rich sequence that binds yetduring Evolution?
unidentified factors and a second region that binds aAt first glance, calreticulin resembles other essential
CCAAT-binding factor. This promoter region contains aresident ER luminal proteins, such as protein disulfide
retinoblastoma control element, suggesting that calre-isomerase (PDI) or immunoglobulin binding protein
(BiP). However, calreticulin is not part of the default ticulin may be regulated by the retinoblastoma protein.
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Figure 1. Schematic Representation of Cal-
reticulin and Calnexin
Calreticulin is divided into three domains: the
N-domain, the P-domain, and the C-domain.
The protein has an N-terminal signal se-
quence and a C-terminal KDEL ER retrieval
signal. There is a high degree of amino acid
sequence similarity between the P-domain of
calreticulin and that of calnexin, an integral
ER membrane chaperone. The P-domain is a
site of chaperone activity and oligosaccha-
ride binding to both proteins. The calreticulin
gene may have been derived from the cal-
nexin gene by substitution of the N-domain
and addition of the highly charged Ca21-bind-
ing C-domain. TM, transmembrane domain.
R. A. Clark also documented that calreticulin is down- encoding calreticulin or with cDNA encoding green fluo-
rescent protein–calreticulin fusion protein. These stud-regulated during differentiation of myeloid cells; how-
ever, the protein was reported to be up-regulated during ies consistently demonstrated that calreticulin is local-
ized within the network of ER membranes. M. Opasdifferentiation of neuroblastoma cells (Liu et al., 1996,
Mol. Biol. Cell, abstract). M. Michalak showed that mod- showed that nuclear localization of calreticulin reported
so far was an artifact and postulated that calreticulin isulation of intracellular Ca21 with the Ca21 ionophore
not a constitutive component of the nucleus. Further-A23187, or with the ER Ca21-ATPase inhibitor thapsigar-
more, there was no immunologically detectable calretic-gin, resulted in a several-fold activation of the calretic-
ulin in the cytoplasm, nor was it associated with focalulin promoter. These studies indicate that depletion of
adhesion sites. Conversely, calreticulin targeted to theintracellular Ca21 stores and modulation of cytosolic
cytoplasm, while detectable there, did not associateCa21 concentration are responsible for the transcrip-
with any adhesion sites. Thus, the results from the labo-tional activation of the calreticulin gene.
ratory of M. Opas showed that the ER is a major cellularSubcellular Localization of Calreticulin
site of localization for calreticulin. However, consideringCalreticulin contains an N-terminal signal sequence and
limitations of the detection of proteins using indirecta C-terminal KDEL ER retrieval sequence. It is not sur-
immunofluorescence, one cannot exclude the possibil-prising, therefore, that the most frequently reported lo-
ity that there may be small quantities of calreticulin pres-calization of calreticulin is within the ER (including nu-
ent (perhaps transiently) at extra-ER sites.clear envelope and smooth ER). However, additional
localizations have been described for the protein: (1)
within the secretory pathway (Dupuis et al., 1993) or on Calreticulin and Cell Function
the cell surface (White et al., 1995) and (2) in the cytosol The wide distribution of calreticulin, the high conserva-
or nucleus or both (Michalak et al., 1992; Dedhar, 1994). tion of its amino acid sequence, and the remarkable
The question as to whether calreticulin may translocate conservation of its genomic organization suggest an
into thecytosol or nucleus isa crucial butstill unresolved important role for calreticulin in cells. Over the past
issue. It is well documented that calreticulin interacts in several years a large (maybe even too large) number
vitro with the GXFFKR amino acid sequence found in of cellular functions in a variety of diverse biological
the cytoplasmic tail of the a subunit of integrins (Rojiani systems have been proposed for calreticulin. One of the
et al., 1991) and in the DNA-binding domain of nuclear most important messages from the subgroup meeting
receptors (Burns et al., 1994; Dedhar, 1994). In addition, in San Francisco was an emerging consensus that there
the protein has the nuclear localization signal, and pro- are four principal cellular functions affected by calretic-
vided it is present in the cytoplasm, it may be translo- ulin. These comprise functions of calreticulin within the
cated to the nucleus. Thus, calreticulin-dependent mod- lumen of the ER (chaperone and Ca21 storage and sig-
ulation of cell adhesion and gene expression (see below) naling) and calreticulin-dependent modulation of cellu-
might be due to a direct interaction of calreticulin with lar functions at the extra-ER sites (cell adhesion and
the a subunit of integrins and nuclear receptors, pro- gene expression).
vided translocation to the cytosol occurs. However, to Calreticulin as an ER Chaperone
date there are no biochemical mechanisms that might The initial indication that calreticulin may bea chaperone
explain the translocation of calreticulin from the lumen came from the molecular cloning and characterization
of the ER to the cytosol. of calnexin, an ER membrane chaperone (Bergeron et
M. Opas addressed the question of cellular localiza- al., 1994; Hammond and Helenius, 1995). Indeed, recent
tion of calreticulin. In these studies intracellular localiza- work on the biosynthesis of myeloperoxidase (Nauseef
tion of calreticulin was established using different anti- et al., 1995) and on glycoprotein maturation (Peterson
bodies raised against native calreticulin. Furthermore, et al., 1995) has shown that calreticulin is an important
intracellular localization of recombinant calreticulin (tar- chaperone. This notion is further supported by recent
geted with a dystrophin-specific epitope) was analyzed studies demonstrating that calreticulin can fully substi-
tute for calnexin in promoting the efficient folding andin cells stably and transiently transfected with cDNA
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assembly of mouse class I histocompatibility molecules the amount of Ca21 within ionomycin-sensitive stores
is increased, the [Ca21]c elevations are smaller in cells(D. Williams, University of Toronto, Canada). Both pro-
teins are unique as chaperones because they are lectins overexpressing calreticulin (Mery et al., 1996; Opas et
al., 1996). The latter effect might be due to the effectinteracting specifically with partially trimmed, monoglu-
cosylated, N-linked oligosaccharides. The lectin sites in of calreticulin on Ca21-ATPase, since the concomitant
addition of thapsigargin and Ca21 ionophore ionomycincalreticulin and calnexin bind with similar affinities to
theGlc1Man9GlcNAc2 oligosaccharide and recognize not leads to increased [Ca21]c elevations in cells overex-
pressing calreticulin (Bastianutto et al., 1995; Mery etonly the terminal glucose but four internal mannose resi-
dues as well (D. Williams). Using deletion mutants of al., 1996). Thus, the simple analysis of the effects of
calreticulin on [Ca21]c changes has to be taken withcalreticulin, expressed in E. coli as glutathione S-trans-
ferase fusion proteins, the lectin site in calreticulin was caution.
A powerful tool to study the role of calreticulin inlocalized to the proline-rich P-domain that contains two
sequence motifs, each repeated three times in tandem. the generation of complex cytosolic Ca21 signals is the
analysis of Ca21 waves generated in response toTruncation of even a portion of one of the repeats abol-
ished oligosaccharide binding to calreticulin (D. Wil- Ins(1,4,5)P3 microinjection into X. laevis oocytes (Cama-
cho and Lechleiter, 1995; P. Camacho, University ofliams). The P-domains of calreticulin and calnexin are
also involved in high affinity Ca21 binding (Baksh and Virginia, Charlottesville). The frequency of Ca21 waves
generated by Ins(1,4,5)P3 microinjection is enhanced byMichalak, 1991; Tjoelker et al., 1994), and bound Ca21
has been found to be essential for the lectin functions overexpression of the ubiquitous ER Ca21-ATPase, SER-
CA2b. Coexpression of calreticulin with SERCA2b re-of these proteins (D. Williams).
Calreticulin and Ca21 Signaling sults in a sustained elevation in Ca21 release without
concomitant oscillations (Camacho and Lechleiter,The concept that calreticulin might be involved in the
regulation of intracellular Ca21 signaling was originally 1995). P. Camacho presented novel evidence sug-
gesting that these effects might be mediated by protein–based on analogies with calsequestrin, a Ca21-storage
protein of the sarcoplasmic reticulum. In particular, the protein interactions of calreticulin with either SERCA2b
or the Ins(1,4,5)P3 receptor and that they may involvehigh capacity Ca21 binding to the C-domain of calretic-
ulin (20–30 mol Ca21/ mol protein) made the protein an lectin-like properties of the P-domain of calreticulin. In-
creased expression of calreticulin also affects the acti-attractive candidate to function as a Ca21 buffer within
the lumen of ER-type Ca21 stores. Indeed, recent results vation of Ca21 influx in response to Ca21 store depletion
(K.-H. Krause; Bastianutto et al., 1995; Mery et al., 1996).from several laboratories showed marked effects either
of overexpression or of antisense oligodeoxynucleo- It is not clear at present whether this effect is due to
intraluminal Ca21 buffering of the protein, to a potentialtide–mediated down-regulation of calreticulin on cellular
Ca21 signaling (Liu et al., 1994; Bastianutto et al., 1995; role of calreticulin as a sensor of ER Ca21 concentration,
or possibly to an effect of calreticulin on gene expressionMery et al., 1996). An increased amount of intracellularly
stored Ca21, as measured by the 45Ca21 technique, was or protein processing or both.
Ca21 is not only an effector molecule in the cytosol;observed in transiently transfected calreticulin-overex-
pressing HeLa cells (Bastianutto et al., 1995) as well as in it also may play a signaling role within the lumen of the
ER. It may affect several processes in the lumen of thestably transfected mouse L fibroblasts overexpressing
calreticulin (Mery et al., 1996). The simplest explanation ER, including modulation of protein–protein interac-
tions. In this respect, recent in vitro studies have demon-for the increased Ca21 storage of these cells was the
high capacity Ca21 binding to the C-domain of calretic- strated a direct interaction between calreticulin and PDI,
two resident ER luminal proteins (Baksh et al., 1995).ulin. K.-H. Krause (University Hospital, Geneva, Switzer-
land), however, reported that overexpression of the K.-H. Krause, using fluorescently labeled proteins,
showed that calreticulin interacts with PDI in a Ca21-N-domain of calreticulin in X. laevis oocytes also in-
creased cell Ca21-storage capacity. Since the N-domain dependent manner. Calreticulin binds reversibly to PDI
at low Ca21 concentrations, whereas the protein com-of the protein does not bind Ca21 (Baksh and Michalak,
1991), the increased Ca21 storage in calreticulin overex- plexes rapidly dissociate at high Ca21 concentrations.
Whereas the binding to PDI occurs through thepressing cellsmust involve not only Ca21 buffering by the
C-domain of the protein but also additional mechanisms N-domain, it is the C-domain of the protein that is re-
sponsible for the Ca21-dependent dissociation of the(perhaps protein–protein interactions).
Calreticulin influences not only the amount of Ca21 two proteins. Thus, Ca21 binding to calreticulin may play
a dual role: first, it may regulate the free Ca21 concentra-stored within the cell but also the pattern of cytosolic
free Ca21 ([Ca21]c) elevations. However, the [Ca21]c eleva- tion within the lumen of ER, and second, it may regulate
the level of free calreticulin (and PDI) in the ER lumen.tions in response to Ca21 release are not simply a func-
tion of the amount of Ca21 within the stores. Indeed, Calreticulin and Cell Adhesion
Calreticulin contributes to the regulation of cell adhe-when slow leakage of Ca21 from intracellular stores is
induced by Ca21-ATPase inhibition by thapsigargin, the siveness (Dedhar, 1994; Coppolino et al., 1995; Opas
et al., 1996). For example, transient down-regulation ofresultant [Ca21]c changes are similar in control cells, in
cells overexpressing calreticulin, and even in calreticulin calreticulin reduces attachment of cells to extracellular
substrata (Leung-Hagesteijn et al., 1994), and overex-knockout embryonic stem cells (Bastianutto et al., 1995;
Mery et al., 1996; S. Dedhar, Sunnybrook Health Science pression of calreticulin increases cell–substratum at-
tachment of L fibroblasts (Opas et al., 1996). FurtherCentre, Toronto, Canada). When ionomycin is used as
a stimulus, there may even be paradoxical effects: while support for a role of calreticulin in the control of cell
Cell
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Figure 2. Putative Model of Calreticulin
Function in the ER
Calreticulin (CRT) binds, as a chaperone, to
unfolded glycoproteins (UFGP). At low Ca21
concentrations it also binds to PDI. Through
its C-domain the protein binds more than 25
mol of Ca21/mol of protein. Functional evi-
dence suggests that calreticulin may also in-
teract with a Ca21 pump (Ca21-ATPase) and
a Ca21 release channel (IP3 receptor). The
extra-ER functions of calreticulin might be ex-
plained either by cytosolic translocation of
the protein or by an extra-ER signaling path-
way. Calreticulin-dependent extra-ER signal-
ing is depicted in the figure and includes a
hypothetical ER membrane protein that is
able to transmit signals from calreticulin to
the cytosol (calreticulin receptor).
adhesion comes from studies in the laboratory of S. modulate steroid-sensitive gene expression indirectly
Dedhar. In these studies, embryonic stem cells lacking from the lumen of the ER (Michalak et al., 1996).
both alleles of the calreticulin gene were generated, and
it was shown that these cells were impaired in their Calreticulin: A Connector Molecule at the
ability to adhere in their short-term attachment to fibro- Crossroads of Protein Synthesis,
nectin. Calreticulin-dependent modulation of cellular Regulation of Gene Expression,
adhesiveness might be mediated by direct interaction and Ca21 Signaling?
between calreticulin and adhesion molecules (Dedhar, The results presented and discussions at the meeting
1994). This would require that calreticulin be translo- suggest that there may be a signaling network in the
cated to the cytosol, where it could directly interact with lumen of the ER and that calreticulin may be a centrally
the cytoplasmic tail of the a subunit of integrin. M. Opas located connector molecule in this signaling network
investigated calreticulin-dependent regulation of cell (Figure 2). As depicted in Figure 2, the protein is involved
adhesiveness in mouse L fibroblasts overexpressing the in glycoprotein folding and maturation in partnership
protein. L fibroblasts overexpressing calreticulin flatten with calnexin. The Ca21-dependent interaction of calre-
out, develop strong cell–substratum adhesions, reorga- ticulin with PDI may affect a chaperone function of both
nize their actin into stress fibers, and, most surprisingly, proteins (calreticulin inhibits PDI activity (Baksh et al.,
establish epithelial-like, vinculin-rich, cell–cell junctions. 1995). Importantly, these protein–protein interactions
M. Opas presented evidence that calreticulin-depen- may regulate the free concentration of calreticulin in the
dent modulation of cell adhesiveness may be due to up- lumen of the ER. At high intraluminal Ca21 concentra-
regulation of the expression of vinculin, a cytoskeletal tions the calreticulin–PDI interactions are broken, and
protein essential for cell substratum and cell–cell attach- as a consequence the level of free calreticulin increases
ments. L fibroblasts overexpressing calreticulin had an in the lumen of the ER. Besides buffering Ca21 in the
increased level of vinculin expression (protein and lumen of the ER, calreticulin may be involved in the
mRNA) (Opas et al., 1996). These findings suggest that regulation of the activity of the ER Ca21-ATPase and
calreticulin may affect cellular adhesion also indirectly, the Ins(1,4,5)P3 receptor. The extra-ER functions of cal-
by activation of expression of the vinculin. reticulin might be mediated either by a translocation of
Calreticulin and Control of Gene Expression calreticulin to the cytosol or by the presence of signaling
Another remarkable but related finding is the modulation mechanisms that transmit calreticulin-dependent sig-
of steroid-sensitive gene expression by calreticulin nals across the ER membrane. In Figure 2, we speculate
(Burns et al., 1994; Dedhar, 1994). The protein in vitro that such signaling might include calreticulin-binding
binds to the DNA-binding domain of steroid receptors proteins (“receptors”) that function in analogy with the
and prevents their interaction with DNA. Furthermore, BiP receptor–dependent signal transduction described
transcriptional activation by steroid receptors in vivo is in yeast (Cox et al., 1993; Mori et al., 1993).
inhibited in cells overexpressing calreticulin (Burns et Close interconnections among protein synthesis,
al., 1994; Dedhar, 1994; Michalak, 1996). The mecha-
gene expression, and Ca21 signaling have been ob-
nisms responsible for the calreticulin-dependent inhibi-
served by many researchers in recent years. Calreticulin
tion of steroid-sensitive gene expression may include
might be centrally located and crucially participate in
calreticulin translocation to the nucleus or calreticulin
the coordination of these functions by the cell.
signaling from the ER. M. Michalak reported that only the
ER form of calreticulin was effective in the modulation of
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